Introduction {#S1}
============

Neurofeedback training provides subjects with information about the activation of a specific brain region in order to facilitate a learning process aiming at self-regulation of this targeted activation. The concept has successfully been applied in various clinical fields (Lubar and Shouse, [@B29]; Sterman and Egner, [@B38]; Arns et al., [@B3]; Tan et al., [@B43]; Kim and Birbaumer, [@B26]). Due to its clinical abundance and ease of use electroencephalography (EEG) is still the most widely used method to derive a feedback signal (FS) for training. The advent of functional magnetic resonance imaging (fMRI), which offers much better spatial accuracy across the entire brain, raised the question, if smaller anatomically or functionally circumscribed brain regions could be targeted with a suitable fMRI neurofeedback training (Yoo and Jolesz, [@B54]). Its feasibility was largely improved by the development of real-time (rt) fMRI (Cox et al., [@B16]; Lee et al., [@B27]; Voyvodic, [@B44]; Gembris et al., [@B20]), accomplishing image reconstruction and activation analysis within the acquisition time of a single-volumetric fMRI dataset. Despite the poor temporal resolution of fMRI and the 6- to 8-s latency of the underlying hemodynamic response, several studies demonstrated successful neurofeedback trainings in brain areas, such as the motor cortex (deCharms et al., [@B19]; Yoo et al., [@B56]; Berman et al., [@B7]; Chiew et al., [@B15]), the anterior cingulate cortex (Weiskopf et al., [@B52]; Hamilton et al., [@B21]), the amygdala (Posse et al., [@B35]; Zotev et al., [@B57]), the parahippocampal place area, the supplementary motor area (Weiskopf et al., [@B51]), the auditory cortex (Yoo et al., [@B55]), and the insular cortex (Caria et al., [@B14], [@B13]; Johnston et al., [@B25]). Unfortunately, the proof-of-principle nature of most of these reports led to a considerable variation of paradigms and study designs which so far preclude a definite determination and generalization of critical elements for a successful real-time functional magnetic resonance imaging (rt-fMRI) neurofeedback training.

The present work includes a relatively large number of 16 subjects who participated in an extensive 4 weeks rt-fMRI neurofeedback training targeting the somatomotor cortex (SMC). Its primary goal was to go beyond the proof of feasibility, and to investigate the most relevant basic questions associated with the training itself as well as the associated brain circuits (manuscript submitted).

The SMC, and specifically the hand knob area, which is associated with hand and finger movements, was chosen for two reasons: first, because it has already been investigated with rt-fMRI neurofeedback (deCharms et al., [@B19]; Yoo et al., [@B56]; Berman et al., [@B7]; Chiew et al., [@B15]) and, second, because it has received considerable prospect for clinical applications, such as rehabilitation after motor cortex-related stroke and Parkinson (Birbaumer et al., [@B9]; Mihara et al., [@B31]; Subramanian et al., [@B41]; Yilmaz et al., [@B53]). Similar to other fMRI NFB studies using motor imagery (deCharms et al., [@B19]; Berman et al., [@B7]; Chiew et al., [@B15]), the targeted region of interest (ROI) was determined with a finger-tapping task to ensure that the cortical areas relevant to motor activity of the fingers, including the tightly linked and impartible somatosensation, were being trained.

Embedded in the general neurofeedback design were questions related to hand dominance and the hemispheric contributions to the FS. Each training session composed of two right-hand and two left-hand training runs, in which the right-handed subjects utilized imagery of the dominant right and the non-dominant left hand, respectively, to explore the possible influence of hand dominance on the neurofeedback training. Consideration of the SMC of both hemispheres seems essential since motor movement as well as somatosensory stimulation of the hand results in fMRI activation of the contralateral SMC and deactivation of the ipsilateral SMC (Allison et al., [@B1]; Nirkko et al., [@B33]; Hayashi et al., [@B23]). The FS presented in this study is defined as the difference between contra- and ispilateral SMC activation, similarly to Chiew et al. ([@B15]). This reflects the specific activation pattern and provides insight into possible self-regulation differences of fMRI activation and deactivation. The additional task of attaining the bidirectional regulation (left SMC vs. right SMC for the right-hand training; right SMC vs. left SMC for the left-hand training) also excludes the influence of unspecific effects, such as attention and arousal (Scharnowski et al., [@B36]).

An early fMRI NFB study using motor imagery has shown that a learned increase in SMC activation can be achieved after three training sessions (deCharms et al., [@B19]) and more recent, a report about success within a single-training session (Yoo et al., [@B56]) could not be reproduced (Berman et al., [@B7]). Contrasting these studies, the present neurofeedback training consisted of 12 sessions spread over 4 weeks. It was not tailored for fast success, but to gain insight into the development of possible voluntary control during the neurofeedback training. Therefore, training efficiency was determined for each training run and analyzed for evaluating the entire training. In addition to training efficiency, the overall success of the neurofeedback training was determined in the transfer task, in which subjects performed the same task as in the neurofeedback training, but without receiving the neurofeedback signal. The successful transfer of the strategy used during the training into a similar situation but without feedback is an essential measure for clinical effectiveness and as a task and as a measure for success so far only used by Berman et al. ([@B7]). The correlation between these two independent measures, the training efficiency and the transfer success then allows to estimate a potential transfer success based on the training efficiency.

Materials and Methods {#S2}
=====================

Experimental setup {#S2-1}
------------------

Seventeen healthy young adults (10 male, mean age 26 ± 3.3, range 20--31 years) underwent the neurofeedback training. Sixteen subjects were right handed, one subject showed ambidexterity at a laterality index of 20 \[overall laterality index 79 ± 21, based on Edinburgh Inventory (Oldfield, [@B34])\]. The control group consisted of 16 demographically matched right-handed individuals (7 male, mean age 27 years ± 3.5, range 22--34 years, laterality index 87 ± 12) (see Table [2](#T2){ref-type="table"} for detailed subject information). All experimental procedures conformed fully the institutional guidelines and they were approved by the institutional Review Board. Written informed consent was obtained from all subjects before each MRI examination.

Subjects in the training group underwent 14 MRI examinations: 1 pre-training session, 12 training sessions, and 1 post-training session. The pre-training session consisted of a whole-brain structural *T*~1~-weighted MRI measurement, a fMRI measurement of bimanual finger movements (functional localizer) to delineate the target ROI for the training within the left and right SMC, and fMRI runs of left- and right-hand motor imagery without neurofeedback which were otherwise equivalent to the neurofeedback training runs. These "non-feedback" fMRI measurements assessed the subjects' ability to control their SMC activities for each hand prior to the training and allowed for a quantification of the final transfer success by comparing respective fMRI signal changes before and after training (transfer task).

The 12 training sessions were spread over 4 weeks with three sessions per week, scheduled at the same time of the day on Monday, Wednesday, and Friday to ensure consistency. In each training session, two fMRI neurofeedback runs of right-hand training and two runs of left-hand training were conducted with randomized order. No training outside the scanner was performed.

The post-training session consisted of the same measurements as the pre-training session: whole-brain structural *T*~1~-weighted MRI, fMRI of overt finger movements, and one fMRI run of motor imagery without neurofeedback for each hand (transfer task). The subjects did not receive any additional instruction for the overt finger movement task (e.g., to pay extra attention or to employ their optimized strategy).

The control group only underwent the pre-training session and, after 4 weeks without any training, the post-training session.

Magnetic resonance imaging {#S2-2}
--------------------------

Magnetic resonance imaging was conducted at 3-T (Tim Trio, Siemens Healthcare, Erlangen, Germany) using a 12-channel head coil for signal reception. Structural whole-brain *T*~1~-weighted MRI involved a non-selective inversion-recovery 3D FLASH sequence (TR = 2530 ms, TE = 3.65 ms, flip angle 7°, TI = 1100 ms) at a nominal resolution of 1.3 mm × 1.0 mm × 1.3 mm. All fMRI measurements were based on a gradient-echo EPI sequence (TR = 2000 ms, TE = 36 ms, flip angle 70°) with 2 mm isotropic spatial resolution (22 slices, AC--PC orientation) yielding voxel sizes (8 mm^3^) far smaller than in previous fMRI-based neurofeedback studies (20--50 mm^3^) (Zotev et al., [@B57]; Weiskopf, [@B49]; Baecke et al., [@B5]; Blefari et al., [@B10]). Real-time data export (Weiskopf et al., [@B50]) allowed for the use of an in-house neurofeedback toolbox achieving online fMRI analysis (see below). In parallel, all images were stored in the standard data base and corrected for motion as supplied by the manufacturer (Siemens Healthcare, Erlangen, Germany). These images were used for off-line whole-volume analysis. For each subject, a single-whole-brain EPI measurement with the same orientation as the fMRI measurements was obtained (TR/TE = 7210/36 ms, flip angle 70°, 2 mm isotropic resolution, 80 slices) to optimize registration of the partial-brain fMRI measurements to the structural whole-brain scan. The individual field-of-view (FOV) and slice positions of the different MRI measurements of the pre-training session were stored and re-applied in all subsequent sessions (AutoAlign Scout, Siemens) to minimize the spatial difference between datasets.

Functional localizer: overt finger movements {#S2-3}
--------------------------------------------

Left and right SMC were identified individually based on fMRI of a bilateral sequential finger opposition task (Strother et al., [@B40]) comprising eight cycles of overt finger movements (12 s = 6 images) and motor rest (18 s = 9 images). Subjects were instructed to perform the finger task with both hands at a frequency of 1--2 Hz. Performance was monitored through a video surveillance system. The fMRI data were analyzed on a single-subject level using FEAT bundled in FSL 4.1.6 (FMRIB Center, Department of Clinical Neurology, University of Oxford, Oxford, UK). Preprocessing involved brain extraction, motion correction, and high-pass filtering, but no spatial filtering was applied to preserve the fine-scale spatial resolution. A general linear model (GLM) was then applied to the data with a double gamma hemodynamic response function. A temporal derivative was added to the design to increase robustness to a variable hemodynamic delay. Thresholding was accomplished by the two-threshold (TT) method, which does not require the assumption of a certain degree of spatial smoothness (Baudewig et al., [@B6]; Auer and Frahm, [@B4]). The upper threshold was set at *p* = 0.0001 and the lower threshold at *p* = 0.05. For each subject, significant activation clusters within left and right SMC (i.e., ROIs) were selected in native space (top of Figure [1](#F1){ref-type="fig"} and Table [1](#T1){ref-type="table"}).

![**Functional localization of the target ROIs**: (Top) overlap of individual target regions of the 16 trained subjects (MNI template) with colors indicating the number of subjects (1 to the maximum of 12) with suprathreshold activation during the pre-training overt finger movement task at a particular voxel (amount of overlap). (Middle and bottom) The two-way mixed ANOVA of the whole-brain volume for the right-hand (middle) and left-hand (bottom) transfer task without neurofeedback. Color indicates significantly higher pre- to post-training increase in activation for the training group compared to the control group (interaction TIME × GROUP).](fnhum-09-00547-g001){#F1}

###### 

**Cluster extent (number of voxels) and coordinates (in mm, MNI space) for local maxima and centers of gravity within right and left somatomotor cortex (SMC)**.

  Region      Number of voxels   Local maxima   Center of gravity                                
  ----------- ------------------ -------------- ------------------- -------- --------- --------- --------
  Left SMC    130 ± 34           −38 ± 5        −19 ± 6             54 ± 3   −37 ± 3   −19 ± 4   54 ± 2
  Right SMC   144 ± 32           40 ± 4         −17 ± 6             52 ± 4   39 ± 3    −17 ± 4   52 ± 2

fMRI neurofeedback training {#S2-4}
---------------------------

Each fMRI training session consisted of four separate runs, two involving motor imagery of the left hand and two of the right hand. A training run started with a baseline period without a task (30 s = 15 images) and a control period (40 s = 20 images), followed by four cycles of training period (30 s = 15 images) and control period (40 s = 20 images) yielding a total duration of 5 min 50 s = 175 images. Short visual markers (500 ms) indicated the beginning and end of each training period. Subjects were instructed to find cognitive strategies that increase their brain activation in the SMC target regions. Examples of previously successful strategies were given for both training phases (e.g., imagining well-trained movements) and control phases (e.g., imagining landscapes or covert calculating). Subjects were also instructed to avoid deliberate changes in their general arousal state other than the given imagery task (deCharms et al., [@B19]) and to keep their breathing rate as constant as possible. It was strongly emphasized that any change had to be achieved without any overt movement. Absence of overt movement during motor imagery was verified by video surveillance (Lee et al., [@B28]).

During both training and control periods subjects received visual feedback via LCD goggles (VisuaStim XGA, Resonance Technology Inc., Northridge, CA, USA) with a latency of 8--10 s relative to the onset of neuronal activation, i.e., the hemodynamic latency, plus 2 s image acquisition, plus 1--2 s for real-time analysis. The feedback was presented by means of a horizontal blue rectangular bar (feedback meter) on a white screen. The bar was centered in the middle of the screen and its length changed toward the right or left side. For the right-hand training, the subjects' task was to find a motor imagery strategy to increase the length of the bar to the right side, for the left-hand training to the left side of the screen. During the control periods, the feedback meter had to be kept as small as possible. During post-scanning interviews, possible improvements on the used strategy were discussed (e.g., imagining finger oppositions with random order and/or higher speed), but no training outside the scanner was asked for.

fMRI neurofeedback signal processing {#S2-5}
------------------------------------

Real-time analysis and neurofeedback presentation were accomplished using an in-house neurofeedback toolbox implemented in MatLab (MathWorks, Natick, MA, USA). Each scan was automatically registered to the first scan of the overt finger movement task acquired in the pre-training session. Continuous motion correction was realized with real-time registration based on the SPM5 Realign function (Wellcome Trust Centre for Neuroimaging, University College London). For each of the two ROIs in left and right SMC, real-time percent signal change (rt%SC*)* was calculated for each time point with reference to the mean of the last 10 time points of the previous control period according to $$\text{rt}\%\text{SC}_{t} = \left( {S_{\text{t}}/S_{\text{previous}\_\text{control}} - 1} \right) \times 100$$ where *S*~t~ and *S*~previous_control~ correspond to the signal intensity at time point *t* and during the previous control period, respectively.

To increase robustness and ensure insensitivity to the normalized signal fluctuations, a double logistic-like function with values ranging from 21 (for 2 rt%SC) to 0 (for −2 rt%SC) and a flat center between −0.25 and 0.25 rt%SC was applied. Similar to previous work (Lee et al., [@B28]), the FS given to the subjects was the difference between the real-time percent signal change from the left and right SMC: $$\text{FS}_{\text{t}} = \text{rt}\%\text{SC\_Left}_{\text{t}} - \text{rt}\%\text{SC}\_\text{Right}_{\text{t}}$$

This resulted in a positive FS for successful right-hand training (right-sided elongation of the bar in the visual feedback) and a negative FS for successful left-hand training (elongation of the bar to the left side).

The training sessions were analyzed off-line using MatLab. GLM was performed on the time courses extracted from the individual ROIs used for training runs, and percent signal change for the contralateral (% signal change~contra~) and ipsilateral SMC (% signal change~ipsi~) were computed. Similar to Eq. [2](#E2){ref-type="disp-formula"}, feedback performance (FP) of the subjects was defined as the signed difference between the percent signal changes of the SMC contra- and ipsilateral to the trained hand: $$\text{FP} = \%\text{~signal~}\text{change}_{\text{contra}} - \%\text{~signal~}\text{change}_{\text{ipsi}}$$

Statistical analysis {#S2-6}
--------------------

### Transfer Success {#S2-6-1}

Transfer success was estimated using the fMRI data of the pre- and post-training fMRI measurements of motor imagery without neurofeedback (transfer task).

For the group analysis, FP (% signal change~contra~ − % signal change~ipsi~) values were entered in a three-way mixed ANOVA applying the within-subjects factors "HAND" (right- vs. left-hand training), "TIME" (pre- vs. post-training) and the between-subjects factor "GROUP" (training vs. control group).

For the analysis of the transfer success on the individual-subject level, the difference in pre- to post-training signal (% signal~post~ − % signal~pre~) in the left and right SMC ROI was determined in each subject for the right- and left-hand training separately. In the second step, the difference between this pre- to post-training change of the ipsi- and contralateral SMC (% signal change~contra~ − % signal change~ipsi~) was determined as an indicator for the transfer performance. These individual transfer success values were then tested for significant deviations against the pre- vs. post-training transfer measurement changes in the control group. Threshold values were calculated based on the one-sample *t*-test, taking the mean and SD of the transfer performance values from the pre- vs. post-training comparison of the control group as reference distribution and setting the value of the lower boundary of the confidence interval to *p* = 0.0032 based on a Bonferroni correction for multiple comparison for the 16 training subjects.

A voxel-wise fMRI analysis of the entire measured volume was also performed using FEAT. Preprocessing steps involved brain extraction, motion correction, high-pass filtering, and spatial filtering (FWHM = 5 mm) to allow for better registration (Maisog and Chmielowska, [@B30]) and to reduce within- and between-subject variability (Mikl et al., [@B32]). Because the fMRI datasets covered only part of the brain, a three-stage linear registration using FLIRT (Jenkinson and Smith, [@B24]) was performed to register the partial-volume images via the whole-brain images and the anatomical *T*~1~-weighted 3D images into standard MNI space. On the group level, a two-way mixed ANOVA with within-subjects factor "TIME" (pre- vs. post-training) and the between-subjects factor "GROUP" (training vs. control group) was performed. *Z* (Gaussianized *T*) statistic images were thresholded using clusters determined by *Z* \> 2 and a cluster significance threshold of *p* = 0.05 corrected for multiple comparison.

### Training Efficiency {#S2-6-2}

Training efficiency was estimated comparing FP across training runs, including the pre-training ability transfer performance using a two-way within-subjects ANOVA with the factors "TIME" (pre-training transfer + 24 training runs) and "HAND" (left vs. right). *Post hoc* tests compared the FP (% signal change~contra~ − % signal change~ipsi~) of each of the 24 training runs to the performance (% signal change~contra~ − % signal change~ipsi~) during the pre-training transfer measurement, to investigate changes in the time course of the training compared to a baseline condition.

Changes in FP of two runs within a session (within session) and changes in mean FP of two consecutive sessions (between session) were also compared using two-way within-subjects ANOVA with the factors "INTERVAL" (within session vs. between session) and "HAND" (left vs. right) to investigate, which contributes more to the training effect.

To describe the efficiency of the single-training runs and the time course of the training in individual subjects, the FP of each of the 24 training of each subject runs was normalized (%SC training run − %SC pre-training run) and tested for a significant deviation against the pre- vs. post-training changes in the control group. Threshold values were calculated based on the one-sample *t*-test, taking the mean and SD of the FP values from the pre- vs. post-training comparison of the control group as reference distribution and setting the value of the lower boundary of the confidence interval to *p* = 0.0032 based on a Bonferroni correction for multiple comparison for the 16 training subjects. The sum of the training runs with significantly increased percent signal change was determined for each trained subject (number of efficient training runs).

### Correlation of Training Efficiency and Transfer Success {#S2-6-3}

To investigate the relationship between the training and the transfer, a number of Efficient Training Runs (see above) were correlated with the pre- to post-training change in FP.

### Contributions of Contra- and Ipsilateral SMC to Feedback Signal {#S2-6-4}

To investigate the separate contribution of the ipsi- and contralateral SMC (in% signal change) to the FP (combined measure from both hemispheres), the abovementioned ANOVAs were extended with an additional within-subject factor "HEMISPHERE" (contralateral vs. ipsilateral). Consequently, hemispheric contribution to the Training Success was analyzed using a four-way mixed ANOVA with within-subject factors "HAND" (left vs. right), "HEMISPHERE" (contralateral vs. ipsilateral), "TIME" (pre- vs. post-training transfer), and between-subject factor "GROUP" (training vs. control). Similarly, hemispheric contribution to the Training Efficiency was analyzed using a three-way within-subject ANOVA with factors "HAND" (left vs. right), "HEMISPHERE" (contralateral vs. ipsilateral), and "TIME" (pre-training transfer + 24 training runs).

### Comparison of Right- and Left-Hand Trainings {#S2-6-5}

The abovementioned ANOVAs also investigated the difference between the right- and the left-hand training (HAND effect). The length of the training was sufficient to reach a plateau showing small variability. Therefore, training courses were split in two halves, and the three-way within-subject ANOVA to test the hemispheric contribution to the Training Efficiency was extended with an additional within-subject factor "HALF" (first vs. second half).

Number of efficient contralateral SMC activations and ipsilateral SMC deactivations were also calculated similarly to the number of Efficient Training Runs, and they were entered in a two-way within-subject ANOVA (factors "HAND" and "HEMISPHERE").

### Overt Finger Movement Task {#S2-6-6}

Pre- and post-training fMRI data obtained during the overt finger movement task were also analyzed in a way similar to the Training Success.

The average of the% signal change~contra~ and% signal change~ipsi~ values were entered in a two-way mixed ANOVA applying the within-subjects factor "TIME" (pre- vs. post-training) and the between-subjects factor "GROUP" (training vs. control group).

A voxel-wise fMRI analysis of the entire measured volume was also performed using FEAT and entered in a two-way mixed ANOVA again applying the within-subjects factor "TIME" (pre- vs. post-training) and the between-subjects factor "GROUP" (training vs. control group).

Results {#S3}
=======

Of the 17 subjects that completed the training, 1 had to be excluded due to overt hand movement during the training. About 90% of the 192 training sessions were performed according to the planned schedule, on average only 1 session per subject had to be rescheduled.

Training strategies {#S3-1}
-------------------

Post-training interviews revealed that subjects employed different motor imagery strategies, such as imagining playing an instrument, typing, squeezing the fist, or performing various handworks, such as knitting. Subjects reported a better performance when recalling the proprioceptive and motor aspect of the movement (i.e., kinesthetic motor imagery) rather than visualizing their moving fingers before their inner eye. They also stated that it was easier to alter the neurofeedback signal than to maintain it. For this latter purpose, subjects successfully modulated their preferred strategy by, for example, changing the speed or sequence of imagined movements. During the control periods, most participants tested several "passive" (e.g., relaxing) or "active" strategies (e.g., covertly singing or counting backward). "Active" control strategies turned out to be more successful.

Transfer success {#S3-2}
----------------

The successfulness of the training was based on the difference in fMRI activation during motor imagery without neurofeedback measured before and after the training compared to the difference signal from the control group measured before and after 4 weeks without training. The results show a clear distinction between the trained and control group for the interaction TIME × GROUP \[*F*(1,30) = 23.5, *p* ≤ 0.001; *post hoc* contrast post trained vs. control *t*(30) = 3.4, *p* = 0.002 for right hand and *t*(30) = 3, *p* = 0.005 for left hand\] (Figure [2](#F2){ref-type="fig"}) and main effect TIME \[*F*(1,30) = 34.0, *p* ≤ 0.001\]. The group of trained subjects presented a significant percent signal change increase in the SMC target regions (*post hoc* contrast trained subjects pre vs. post: *t*(15) = 5.7, *p* ≤ 0.001), whereas in the control group, no difference in percent signal change could be detected between the first and second measurement \[*post hoc* contrast controls pre vs. post: *t*(15) = 1.4, n.s.\]. Both the increase of percent signal change in trained subjects and the invariance in the controls are comparable for the right and left hand \[Figure [2](#F2){ref-type="fig"}, main effect HAND: *F*(1,30) = 0.1, n.s.\].

![**Transfer success**: Feedback performance, i.e., difference in percent signal change in contra- vs. ipsilateral SMC, for fMRI of motor imagery without neurofeedback for the trained and control group for the right and left hand before and after 4 weeks of neurofeedback training. \*\*Highly significant (*p* \< 0.01) for both hands.](fnhum-09-00547-g002){#F2}

At the single-subject level, individual left- and right-hand fMRI changes (pre- to post-training) in the target regions of the trained subjects were compared to the respective data of the control group (Table [2](#T2){ref-type="table"}). Eleven of the 16 subjects exhibited a significant percent signal increase in SMC for the left and right hand. Two subjects showed a significant increase only for the left or right hand. Three subjects showed no significant increase at all.

###### 

**Trained (T) and control (C) subjects, difference in pre- to post-training percent signal change in somatomotor cortex (**Δ** SMC), and transfer success (TS)**.

  Subject                                     Gender   Age   LI    Right-hand training   Left-hand training                                               
  ------------------------------------------- -------- ----- ----- --------------------- -------------------- ---------- ------------- ------------------ ----------
  C 01                                        Male     29    70    −0.01                 −0.22                0.21       −0.31         −0.02              −0.29
  C 02                                        Male     28    100   **0.37**              −**0.25**            **0.62**   **0.93**      0.84               0.09
  C 03                                        Female   29    100   0.0                   −0.10                0.10       0.14          0.07               0.07
  C 04                                        Male     25    90    −0.23                 −0.18                −0.05      −0.10         −**0.30**          0.20
  C 05                                        Male     23    66    0.12                  0.36                 −0.24      0.03          0.30               −0.27
  C 06                                        Male     23    85    **0.35**              0.20                 0.15       **0.68**      0.53               0.14
  C 07                                        Female   28    100   **0.55**              −0.01                **0.56**   −0.27         −**0.27**          −0.01
  C 08                                        Female   24    100   −0.45                 −0.02                −0.43      −0.37         −**0.36**          0.00
  C 09                                        Female   31    90    −0.03                 −0.15                0.13       **0.72**      0.14               **0.58**
  C 10                                        Female   34    90    −0.25                 −0.16                −0.09      0.11          −0.03              0.15
  C 11                                        Male     25    80    −0.04                 0.08                 −0.13      0.05          0.32               −0.27
  C 12                                        Female   22    80    −0.26                 −0.15                −0.11      0.01          −0.12              0.13
  C 13                                        Female   28    100   −0.19                 −**0.28**            0.10       −0.21         −**0.46**          0.25
  C 14                                        Female   24    85    0.25                  0.16                 0.10       0.27          −0.04              **0.31**
  C 15                                        Male     30    70    0.15                  −0.11                0.25       0.45          0.58               −0.13
  C 16                                        Female   24    90    0.06                  0.45                 −0.40      0.46          0.08               **0.39**
  Threshold[\*](#tfn1){ref-type="table-fn"}                        **0.26**              −**0.21**            **0.31**   **0.51**      −**0.24**          **0.30**
  T 01                                        Female   22    100   **[0.49]{.ul}**       −**[0.69]{.ul}**     **1.18**   [0.25]{.ul}   −**[0.38]{.ul}**   **0.64**
  T 02                                        Female   26    85    **1.60**              0.24                 **1.36**   **2.52**      0.42               **2.10**
  T 03                                        Male     30    20    **0.60**              0.18                 **0.43**   0.48          −0.02              **0.50**
  T 04                                        Male     26    90    **1.53**              1.13                 **0.40**   **2.03**      0.72               **1.31**
  T 05                                        Female   30    60    **1.07**              −0.08                **1.15**   0.42          0.22               0.20
  T 06                                        Male     21    90    **0.35**              0.41                 −0.06      **1.52**      0.28               **1.24**
  T 07                                        Male     26    100   **0.91**              0.37                 **0.54**   **0.63**      0.00               **0.63**
  T 08                                        Male     31    85    0.22                  0.12                 0.10       −0.22         −0.07              −0.15
  T 09                                        Male     29    80    **2.02**              0.47                 **1.55**   **1.35**      0.73               **0.62**
  T 10                                        Female   25    90    −[0.39]{.ul}          −**[2.25]{.ul}**     **1.86**   [0.01]{.ul}   −**[1.19]{.ul}**   **1.20**
  T 11                                        Female   28    55    [0.22]{.ul}           −**[0.52]{.ul}**     **0.74**   [0.07]{.ul}   −[0.24]{.ul}       **0.31**
  T 12                                        Female   24    100   **0.50**              0.25                 0.25       0.15          0.15               0.00
  T 13                                        Male     27    65    **0.45**              −**0.23**            **0.67**   **0.81**      −0.18              **0.99**
  T 14                                        Male     23    90    **0.56**              −**0.48**            **1.04**   0.33          −0.01              **0.35**
  T 15                                        Female   20    70    −0.11                 0.21                 −0.31      0.26          0.26               0.00
  T 16                                        Male     27    80    **1.38**              0.54                 **0.84**   **2.22**      0.93               **1.30**

*LI, laterality index; L, left; R, right*.

*Bold numbers = significant pre- to post-training differences*.

*Underlined numbers = ipsilateral deactivation stronger than contralateral activation*.

*\*p = 0.05, Bonferroni corrected*.

The two-way mixed ANOVA of the whole-brain fMRI data detected a significantly higher increase in activation for the training group than for the control group (interaction TIME × GROUP) only in the contralateral SMC for both right- and left-hand training (middle and lower parts of Figure [1](#F1){ref-type="fig"}). The locations of the clusters are comparable with the locations of the ROIs (upper part of Figure [1](#F1){ref-type="fig"}) indicating a high spatial specificity of the training effect.

Training efficiency {#S3-3}
-------------------

The two-way within-subjects ANOVA (factors TIME and HAND) of the fMRI activation changes of the trained subjects across the 25 neurofeedback runs (1 pre-training run + 24 training runs) (Figure [3](#F3){ref-type="fig"}) showed a significant main effect TIME \[*F*(24,360) = 9.3, *p* ≤ 0.001\]. It corresponds to a significant increase of FP from the pre-training session to 15 out of the 24 training sessions (*post hoc* contrasts, *p* ≤ 0.05) and strongly indicates that the training of the SMC is effective in increasing the percent signal during the training.

![**Training efficiency**: Feedback performance (group mean **±** SEM) of the trained subjects across neurofeedback runs for the right (black) and left hand (gray).](fnhum-09-00547-g003){#F3}

Figure [4](#F4){ref-type="fig"} demonstrates that the increase in FP was significantly higher between training days (between sessions) than between runs (within sessions) \[main effect INTERVAL *F*(1,191) = 17, *p* ≤ 0.001\] regardless of the trained hand \[non-significant main effect HAND *F*(1,191) = 0.1, *p* = 0.707\]. Significant *post hoc* paired *t*-tests demonstrated an increase in FP between sessions compared to within sessions for both the right \[*t*(191) = 3.2, *p* = 0.001\] and the left \[*t*(191) = 3.1, *p* = 0.002\] hand. Further *post hoc* one-sample *t*-tests confirmed that within-session decreases were not significant \[*t*(191) = −1, *p* = 0.309 and *t*(191) = −1.4, *p* = 0.154 for the right and the left hand, respectively\]. On the contrary, between-session increases were significant \[*t*(191) = 2.9, *p* = 0.004 and *t*(191) = 2.8, *p* = 0.006 for the right and the left hand, respectively\].

![**Training efficiency**: Differences of percent signal change within sessions (two runs) and between session (2 days) for the right and left hand. \*\*Highly significant (*p* \< 0.01).](fnhum-09-00547-g004){#F4}

Training efficiency on the single-subject level was described as the summed number of runs with increased activation for the left- and right-hand training. The distribution of the number of subjects per number of significantly increased training runs is shown in the lower part of Figure [5](#F5){ref-type="fig"}. The distribution is skewed to the two ends with a group of subjects with very few (\<5 out of 24) significantly increased runs, a large group of subjects with a high number (more than 19) of increased runs, and a small in-between group with 11--16 significantly increased runs.

![**Transfer success and training efficiency**: (Top) individual transfer success: values above horizontal lines indicate significance relative to controls for the right and left hand. (Bottom) number of subjects per summed number of training runs with significantly increased signal. Successfully trained subjects are marked with filled bars and circles.](fnhum-09-00547-g005){#F5}

Correlation of training efficiency and transfer success {#S3-4}
-------------------------------------------------------

The pre- to post-training fMRI signal increase during motor imagery without neurofeedback (transfer success) was highly significantly correlated (*r* = 0.78, *p* ≤ 0.001) (upper part of Figure [5](#F5){ref-type="fig"}) with the summed number of individual training runs with significantly increased signal change (training efficiency) and shows a negative intercept (Success = −0.14 + 0.05 × Efficiency). On the single-subject level, it can be seen that all trainings with a low number of individual runs with increased fMRI activation were associated with the lack of significant pre- to post-training changes in the motor imagery task (Table [2](#T2){ref-type="table"}). On the other hand, all trainings with more than 19 significantly increased training runs showed a significant increase in percent signal change after 4 weeks. Figure [5](#F5){ref-type="fig"} also demonstrates that trainings with intermediate numbers of significantly increased runs (i.e., 11--16) were also associated with a successful outcome. Taken together, subjects who are efficient in the training are also successful in the post-training transfer task, whereas subjects without efficient training are not.

Contributions of contra- and ipsilateral SMC to feedback signal {#S3-5}
---------------------------------------------------------------

Figure [6](#F6){ref-type="fig"} presents the group average of the percent signal change for the ipsilateral and contralateral SMC for the right- and left-hand training. The contralateral hemisphere (solid lines) exhibits a larger percent signal increase (0.69 ± 0.147) than the ipsilateral hemisphere (dashed lines) (−0.061 ± 0.093) {main effect HEMISPHERE \[*F*(1,15) = 50.4, *p* ≤ 0.001\], whereas the significant interaction HEMISPHERE × TIME \[*F*(24,360) = 9.3, *p* ≤ 0.001\]} confirmed that this difference builds up during the time course of the training. This implies that the percent signal change increase during training is mainly due to increased fMRI activation in the contralateral SMC. This also holds true for the post-training transfer data \[HEMISPHERE × GROUP × TIME *F*(1,30) = 23.4, *p* ≤ 0.001\] (not shown) indicating that the GROUP × TIME interaction (i.e., transfer success) is larger in the contralateral SMC; therefore, the transfer success depended mainly on the increased fMRI signal in the contralateral SMC.

![**Contralateral (dashed lines) and ispsilateral SMC (dotted lines) percent signal changes of the trained subjects across neurofeedback runs for the right (black) and left (gray) hand**.](fnhum-09-00547-g006){#F6}

Comparison of right- and left-hand trainings {#S3-6}
--------------------------------------------

The analysis of the transfer task revealed no difference between the signal changes achieved by training of the dominant right and the non-dominant left hand. Group analysis of the fMRI FP across the training shows a significant interaction HAND × TIME \[*F*(1,15) = 6.2, *p* = 0.025, sixth training run, *post hoc* simple contrast\] indicating a difference in the time course of the signal change between the hands across the training (Figure [3](#F3){ref-type="fig"}). The increased neurofeedback signal induced by the right-hand training can be explained by a complementary deactivation of the ipsilateral SMC, which was most pronounced during the first half of the right-hand training (Figure [6](#F6){ref-type="fig"}, black dashed line). During the left-hand training, no prominent deactivation of the ipsilateral SMC was observed, so that the differential neurofeedback signal is dominated by activation of the contralateral SMC (Figure [6](#F6){ref-type="fig"}, gray solid line). This difference does not reach significance in the overall analysis \[HEMISPHERE × TIME × HAND *F*(24,360) = 0.6\]. However, an explorative analysis just including the ipsilateral cortex, showed a significant main effect HAND \[*F*(1,15) = 9.0, *p* = 0.009\] as well as a significant interaction HAND × HALF × TIME \[*F*(11,165) = 2.1, *p* = 0.019\], which hints to a more prominent ipsilateral cortex deactivation for the dominant right hand during the first half of the training.

The results of the two-way within-subject ANOVA of the hemispheric contribution to the efficiency (Figure [7](#F7){ref-type="fig"}) showed that runs with significantly decreased ipsilateral fMRI activations only occur with a significantly lower incidence than runs with significantly increased contralateral activation \[HEMISPHERE *F*(1,15) = 17.3, *p* = 0.001\]. Moreover, ipsilateral deactivation turned out to be somewhat more often during training of the right than left hand \[non-significant trend *F*(1,15) = 3.3, *p* = 0.09\].

![**Number of neurofeedback training runs with increased contralateral and decreased ipsilateral SMC percent signal changes for the right and left hand**.](fnhum-09-00547-g007){#F7}

Across the 16 trained subjects, 5 subjects showed a significant contribution of the ipsilateral cortex to the post-training neurofeedback signal (Table [2](#T2){ref-type="table"}; two subjects for both hands, three subjects for the right hand only). Two of these subjects almost entirely relied on a deactivation in the ipsilateral SMC to achieve a positive neurofeedback signal.

Overt finger movement task {#S3-7}
--------------------------

The pre-training fMRI session involved overt movements of both hands to identify suitable ROIs in the SMC for the training. The task was repeated in the post-training session to assess if SMC activation in response to overt movement is altered by the neurofeedback training. In the control group, the analysis revealed a significant decrease in SMC activation \[*t*(15) = 2.6, *p* = 0.021\] from the first to the second measurement (after 4 weeks). By contrast, in the trained group, there is no such effect and SMC activation in the post-training session is significantly higher than in controls \[*t*(15) = 2.5, *p* = 0.026\] (Figure [8](#F8){ref-type="fig"}). The significant interaction GROUP × TIME \[*F*(1,30) = 5.9, *p* = 0.021\] confirms this difference between groups.

![**Mean percent signal change in the contra- and ipsilateral SMC for overt finger movements during the pre- and post-training session in the trained and control group**. \*Significant (*p* \< 0.05).](fnhum-09-00547-g008){#F8}

A whole-brain analysis revealed that the training group shows additional significant differences in fMRI activation during the overt finger movement task before and after the training in the left primary somatomotor and premotor cortices as well as in the SMA, whereas the controls showed only a decrease in the abovementioned areas and in other regions, such as the superior parietal lobule. Both the increased activation in the training group and the decreased activation in the control group contribute to the significant interaction GROUP × TIME (Figure [9](#F9){ref-type="fig"}).

![**The two-way mixed ANOVA of the whole volume for overt finger movements**. Color indicates significantly higher pre- to post-training increase in activation for the training group than for the control group (interaction TIME × GROUP).](fnhum-09-00547-g009){#F9}

Discussion {#S4}
==========

The present study investigated the degree of self-regulated control attainable for activation of the somatosensory-motor cortex by rt-fMRI neurofeedback training using motor imagery. More than two-thirds of the subjects in the training group did learn to efficiently increase the differential fMRI signal in more than three-quarter of the training runs. They were also successful in increasing activation in the post-training transfer task without receiving neurofeedback.

These results demonstrate, in line with many other studies (Caria et al., [@B12]; Weiskopf, [@B49]; Sulzer et al., [@B42]; Annette Beatrix, [@B2]), that fMRI neurofeedback is a suitable method to learn to deliberately modulate the fMRI response in a defined brain area. In addition, the remarkable spatial specificity of the accomplished signal increase after training, depicted in the sole activation of the SMC in the whole-brain analysis, argues against an unspecific learning effect. Self-regulation of brain activity was not only developed during the extended time course of the training but also reached the same magnitude during the post-training transfer task 2--3 days after the training, when the subjects performed the identical training paradigm without perceiving any neurofeedback. This condition is more demanding and requires a transfer of the obtained skill into a non-feedback situation, which can also be interpreted as a generalization of the training effect (Strehl et al., [@B39]). This observation is essential for the application of fMRI neurofeedback as a training strategy for long-lasting changes in cortical activation: either within clinical settings, such as in the neurorehabilitation of movement disabilities, or for the implementation of brain--computer interfaces, which rely on circumscribed and reproducible self-induced changes in activation (Birbaumer et al., [@B8]; Hatsopoulos and Donoghue, [@B22]).

In view of the aforementioned applications, the analysis of the neurofeedback training in a single subject comprises important information about the feasibility and predictability of the approach in the individual. One important measure is the failure rate. In the present study, one-fourth of all (7 out of 32 left and right hand) trainings were not successful. The reported failure rate for other SMC neurofeedback trainings greatly varies: 2 out of 11 subjects for 2 training sessions (Yoo et al., [@B56]), 7 out of 13 (Berman et al., [@B7]; Chiew et al., [@B15]) and 15 out of 15 subjects for 1 training session (Berman et al., [@B7]). Since the failure rate depends on many factors, including the brain area trained, the duration of the training, and the characteristics of the trained group of subjects, it remains difficult to compare results among studies with different paradigms. However, despite these limitations and under the consideration of the above mentioned factors, the failure rate might still be an appropriate measure to characterize the general feasibility of a trained task under the correspondent conditions and a starting point to explore the causes for non-performers (Weber et al., [@B48]).

The extended neurofeedback training of 12 sessions was set up to jointly address the dynamics of the learning process and the relationship between training efficiency and transfer success. The average learning curve of the group of trained subjects shows an increase of the neurofeedback signal during the initial phase and a leveling off in the last third of the training. But this group-averaged time course, comprising considerable variance, has to be interpreted with caution. Its layout reflects only a small minority of the individual learning curves, which show substantial variations. Individual learning curves range from early learners, which could either sustain efficiency to the end of the training or not, and if not, then even regain it at the end of the training, to very late learners. Because in general no consistent pattern of a learning time course could be detected across individuals, training runs with increased fMRI activation in the targeted SMC were solely added up across the course of the training to indicate training efficiency.

The linear correlation between the training efficiency and the transfer success clearly demonstrates that an efficient training generally leads to a successful transfer. The data also show a two-sided skewed distribution with non-learners, based on transfer task, realizing very few efficient training runs, at one end and the larger group of learners, achieving many efficient training runs, at the other end. The breaking point between learners and non-learners regarding the number of efficient training runs is around 12, all learners had 13 and more efficient training runs across the 24 training runs. This result is remarkably similar to the results of a recent EEG neurofeedback training study aiming to predict successful learning (Weber et al., [@B48]). By taking the increase of the amplitude of sensorimotor rhythms at mid-training (11 out of 25 trainings), the authors achieved a classification of performers and non-performers. These very similar observations suggest that the learning principles underlying EEG and fMRI neurofeedback are comparable and, despite the recording of very different brain signals, share the same neuronal basis. For fMRI-based neurofeedback trainings, the results would also imply a rule of thumb, that a successful transfer can be expected if at least half of the training runs reach a significantly increased activation. If that rule also holds for shorter trainings and other brain areas remains to be explored.

Another important result with respect to learning principles is the larger increase of the neurofeedback signal in the training runs across sessions on different days, rather than within sessions. This indicates a between days, off-training, consolidation effect, which should be considered in short-term neurofeedback trainings. Since the consolidating effect of sleep has been shown for motor skill (Walker et al., [@B46]; Sheth et al., [@B37]) and motor imagery learning (Debarnot et al., [@B17]), as well as in the cognitive and affective domain (Walker, [@B45]; Debarnot et al., [@B18]), it could be advantageous to distribute short neurofeedback trainings at least across different days.

The exploration of the influence of hand dominance on the neurofeedback training of the SMCs revealed no difference in the overall time course of the neurofeedback signal across training runs or in the transfer success between the left- and the right-hand training. Since the training or the transfer task did not incorporate any motor aspects, but mental imagery involving the left or right hand, this indicates that imagery, in contrast to executed motor behavior, was not influenced by hand dominance.

A slight indication for a difference between the left- and right-hand training was found in the hemispheric distribution of the contra- and ipsilateral SMC to the differential neurofeedback signal. Group analysis showed that the differential FS of the left- and right-hand training was mainly driven by fMRI activation in the contralateral SMC. A slight deviation from this pattern could be seen in the first half of the right-hand training, where fMRI deactivation in the ipsilateral cortex sustained the differential FS. Individual analysis revealed a relatively higher number of efficient right-hand trainings based on deactivation of the ipsilateral SMC, caused by a small number of individuals who relied on fMRI deactivation in the ipsilateral cortex to master the task contrasting the larger majority activating the contralateral SMC. The observation that self-regulation of the ipsilateral SMC is for some subjects feasible in the dominate right hand, could open up the possibility of clinical applications in specific cases, such as stroke in the somatomotor area, where the balance between the hemispheres can be disturbed (Ward and Cohen, [@B47]).

Finally, fMRI responses to the overt finger movement task before and after the neurofeedback training adds further information. In the group of trained subjects, fMRI activation in SMC elicited by the task in the post-training session reached the same level as in the pre-training session. This contrasts the results of the control group showing an actual decrease of the fMRI signal from the pre- to post-training finger movement task. A similar decrease has been described for overt wrist extension--flexion after a passive extension--flexion wrist training (Carel et al., [@B11]) and is interpreted as habituation to the repeated measurement of an identical motor task. The lacking of this habituation in the trained subjects may be a further generalization of the neurofeedback training into the overt movement condition, representing an activation of the trained SMCs. This generalization could be beneficial for neurofeedback applications, since it indicates that the self-regulation of a specific brain area learned from a training based on mental strategies can have generalized effects on the behavioral level, even if no direct self-regulation is applied.
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